papers dealing with force constant calculations published each year, in the last twenty years, is shown in graphic form.
In such circumstances it would be pointless to outline the details of the mathematical treatment of molecular vibrations and so I shall assume that everybody here is acquainted with the mathematical machinery. Rather, I want to discuss those problems which have already been settled in the last few years and those which are still open to future developments, using a few selected examples from our laboratory. Before entering the subject, I wish however to make a small comment on the impact of forceconstant calculations in massive quantity on the mental attitude ofmolecular spectroscopists. It is my opinion that this influence has been positive. Concepts which were commonly used a few years ago are today almost completely abandoned. For instance the description of vibrational modes in terms of group vibrations, Stretching, bending, rocking and so on, is more and more often replaced by the description in terms of potential-energy distribution. Tentative vibrational assignments, so common before, are replaced by a priori prediction of the spectra, through transfer or force field, which even if not free from danger, are certainly more reliable by several orders of magnitude.
Let us now start with a Iook at the technical developments which, in the last few years, have made possible the extension of force-constant calculations to large molecular systems.
(a) the development of iterative methods for the automatic refinement of force constants, (b) the understanding of redundancies, ( c) the development of overlay techniques for the refinement of a force field common to several related molecules. All these features are included in the basic form of several computer programmes and currently used for actual calculations. It is therefore unnecessary to discuss them in detail, even if some aspects are still unsatisfactory and further work is needed. Convergence of the refinement, unicity of the solution and errors in the force constants are in fact technical questions which still deserve attention. In this respect I wish to call your attention to the fact that recently some attempts have been made to find a direct solution of the secular equation, by-passing the iterative methodl. All these methods however, either explicitly or implicitly, introduce severe constraints on the force field so that, for the moment, they cannot be considered as a substitute for the iterative refinement.
However, an interesting technical development has been presented at this meeting by Doctor Zerbi concerning the automatic generation in a computer of the U matrix for the construction of symmetry coordinates. Since the U matrix for a large molecule is a major part ofthe input data this procedure will certainly speed up the process and reduce the possibility of errors. Now, in order to discuss the basic problems related to the force fields of large molecular systems, Iet me specify what I mean by '!arge molecule'. It seems obvious that, as far as the size is concerned, it is diffi.cult to draw a sharp dividing line between small and large molecules. I shall instead use an operative definition which is concerned essentially with the kind ofproblems one has to face.
SMALL MOLECULES
For small molecules the vibrational assignment is well established, often for several isotopic species. In addition, the molecular geometry is well known and many additional data, such as Coriolis coupling and centrifugal distortion constants are available or are, in principle, experimentally accessible. Finally, the dimension of the secular equation issmalland therefore does not constitute a problern by itself. The consequence ofthis situation, i.e. number of data at disposal plus limited dimension of the problem, is that the most general harmonic field for these molecules involves a number of force constants normally lower or at least equivalent to the number of experimental data available. Research in this case is essentially oriented towards the determination of a complete potential function and the emphasis is on the unicity of the solution, on the nature of the force field and on the validity of the harmonic approximation. Non-harmonie force fields, including cubic and quartic terms have been derived in a number of cases and it looks as if a great deal of attention will be devoted to this aspect in the near future.
LARGE MOLECULES
For large molecules the vibrational assignment is normally not completely established and the molecular geometry is often known only approximately. Only in a few cases are the frequencies of a deuterated species available, whereas Coriolis and distortion constants are not experimentally accessible. The secular equation includes symmetry blocks of noticeable dimensions, the solution and building up ofwhich requires a great deal of computer time.
As a consequence the most general harmonic field for these systems includes a number of force constants which largely exceeds the number of experimental data and is in any case impractical. The essential aspect of this kind of work is therefore the search for approximate potential functions including a practical number of terms, the emphasis being on the heuristic power of such potential function inestablishing vibrational assignmentsand in predicting spectra of more complex molecules of the same dass.
If one analyses the work clone in the last few years in the area of large molecules, one realizes that three main problems did actually emerge which have already been partially solved and which partially underline the future developments. These problems can be summarized as follows:
(i) type of force field (ii) validity of approximate fields (iii) transfer of force constants.
Let us discuss the first problem, namely, which is the best force field for a large molecule. Unfortunately when one tries to discuss this point, one automatically gets involved in an argument between supporters of the two most-used force fields, the UB and the GV force fields. For small molecules other force fields such as the orbital following2 or Mills' field3 have been proposed, but their use has not been extended to large molecules.
As far as the UBFF and the GVFF are concerned, both are legitimate fields and in fact both have been successfully used in the prediction of spectra of 355 G large molecules. Some people have questioned the introduction of the linear terms in the UB force fields. Others have pointed out that it is bound to an unrealistic molecular model. None of these criticisms is however sufficient to balance the fact that in practice the UBFF works. The really important point isthat the UBFF is by definition an approximate field, with given characteristics and limitations, whereas the GVFF, at least in principle, is of a general nature.
The UBFF can in fact be considered mathematically as a particular kind of the GVFF in which a set of constraints exists between the off-diagonal terms, some constants being automatically set equal to zero and others related by linear equations. Since the UBFF is a specific case of the GVFF, one should have no doubts in deciding which one is better. Unfortunately a real GVFF is, for a large molecule, only an abstraction, since all the available ones are largely approximate. One must therefore compare the UBFF with approximate VFF and in this senseit is easily understood why the UBFF has achieved populari ty:
(a) The consistent method by which the constraints are introduced in the F matrix, on the basis of the non-bonded atom-atom repulsion.
(b) The difficulty of assigning a quantitative physical meaning to several off-diagonal VFF constants, in terms of molecular structure.
(c) The impossibility of using the GVFF in its general form, a fact which makes all VFF of practical use comparable, in number of force constants, to the corresponding UB force field.
When the non-bonded atom-atom repulsions are expressed in terms of internal coordinates, all the VFF interactions between adjacent coordinates of the type 0 /~ 0 0 frr are originated. These interactions are generally those which, after the diagonal terms, play the most important role in the F matrix and this explains why the UBFF works for several molecules. I believe that it can be safely stated that each time the UB force field works for a molecule, the corresponding VFF of the type described above would give similar performances. lnversely, whenever the UBFF fails to work for a molecule, one can automatically assume that other interaction constants, between non-adjacent Coordinates, play an important role in the F matrix. This is actually what happens for several molecular systems for which the UBFF is unable to reproduce all the observed frequencies. A well-known example is that of ethylene. An attempt to save the UBFF was made by Shimanouchi with a rather 'ad hoc' explanation involving the concept of bond-fl.exibility4. Later however Overend and SchererS did show that the introduction of a trans bending-bending interaction constant was sufficient to put the UBFF to work. An even better example is offered by the aromatic molecules. For all aromatic systems the basic UBFF fails to reproduce the observed spectrum correctly, the error being concentrated in those ring modes which correspond to the famous B2u ring vibration of benzene. For this molecule Overend and Scherer6 suggested some years ago an elegant way of introducing into the force field the ortho, meta and para Stretching-stretching interactions condensed in a single term, the so-called Kekule constant. This modified UBFF works correctly and was later extended with success to naphthalene7 and anthracenes.
The Kekule constant has however nothing to do with the UBFF, being nothing else but a specific method of introducing constraints among some VFF interactions, on the basis of qualitative resonance concepts. Apart from this, there is little doubt that, once the UBFF is correctly modified, it works well. At this point however, one of the main advantages of the UBFF, namely internal consistency, is practically lost, and it is legitimate to ask why one should use an unrealistic model, properly adjusted to fit the results. In addition, owing to its greater generality, the VFF can always be chosen to give better performance, without any significant complication. In Table 1 , for instance, two calculations are compared of the planar vibrations of naphthalene made using respectively a MUBF7 and a VFF9, showing the better results obtained in the latter case. I t is true that this comparison is not fair since the UBFF had only 16 independent terms, whereas the VFF includes 23 force constants. However as many as 8 VFF interaction terms are actually stretching-stretching interactions which are efficiently replaced by a single Kekule constant, and therefore the comparison is significant. Anyway, we have reached a stage now in which the importance of a force field for a large molecule derives from its ability to predict spectra of complex molecular systems. To do the job with sufficient accuracy a considerable sophistication of the force field is required. This sophistication, which previously did 357 constitute a great Iimitation, is today feasible and in this respect the GVFF undoubtedly offers much better possibilities. Once we have seen the advantages, let us discuss the disadvantages of the GVFF. This leads us to the second point, namely to the practical approximations necessary to make the GVFF usable for large molecules. Several approximate VFF have been worked out in these last few years for single or for entire classes of molecules. In each case, however, a different approach to the simplification of the force field has been used with a considerable overlap of personal preferences, chemical intuition and genuine mathematical selection. There are two main kinds of approximations which have been used until now in the process of contraction ofthe GVFF to an approximate VFF. The first one isthat all interactions ofthe C-H Stretching with other internal coordinates can be set equal to zero without affecting the results. This approximation is by no means justified a priori and in fact can create a problern for the interpretation of force constants in terms of electronic structure. Furthermore it has a different effect on the light and deuterated species, since the C-D stretching bands are much closer to the skeletal vibrations than the corresponding C-H vibrations.
The second approximation is based on the idea that the interaction between two coupled springs becomes less and less important the more the two springs are separated in the vibrating system. Although this approximation is much more realistic, it fails in cases such as benzene, for which interactions between non-adjacent coordinates are made important by the resonance structures. One can ask if it is absolutely necessary to approximate a force field with a starting hypothesis of dubious validity and if it would be safer to rely only on a mathematical method.
Happily there is a method for judging the relative importance of each interaction term, through the inspection of the elements of the Jacobian matrix (8A.nf8Ff't). Onlyinteraction terms for which at least one element ofthe relative column of the J acobian matrix is big enough, need be considered.
A more quantitative criterion for the selection of force constants has been given by Gayles, King and SchachtschneiderlO and is condensed in the following equations, which need no specific discussion being well known to people working in the field.
The standard deviations in the element of cp are given by a2(qli) = Cu,-1 a2(A.) a2(A.) = S2(A.)/(n-f)
FORCE FJELD OF LARGE MOLECULES
n being the nurober offrequencies andfthe number offorce constants. lfwe change only the ith force constant, the reduction in the square error is given by ß.Si 2 = Cu-1 Di 2 and the standard deviation in C{)i is given by a(cpi) =Cii-la(t\)
These two last equations can be used to estimate the sensitivity of the frequencies to a given force constant. If one defines two arbitrary constants EI and Ez, 'Pi needs to be included only if
The risk of using this method is that it neglects correlations of adjustment in the force constants, but it can be considered satisfactory for discovering which force constants determine the frequencies.
Even for moderately complicated molecules the iteration method often fails to converge, since in the relation
the matrix Cis often singular, and therefore cannot be inverted. We have found that a faster method of refinementll which avoids these difficulties is as follows: from the equations written above, the square error before and after a cycle of refinement is given by:
In order to achieve a convergence we want ßS 2 tobe big and negative and therefore it is necessary that
where N is a constant properly chosen.
If we adjust only one constant rpi, the reduction in the error is given by:
and therefore the elements of
give a direct indication of the importance of the elements of cp in adjusting the frequencies.
In principle, one could apply this method from the beginning since it can easily be adapted as a sub-routineinan electronic computer. An example is the multiple regression sub-routine used by Schachtschneider and Snyder12 for the refinement of the force field of aliphatic hydrocarbons. There are however two severe limitations to the generalisation of this procedure. The firstisthat it is almostimpossible to analyse, one by one, the several hundreds of interaction terms which occur in the F matrix of a large molecule. The second is that the number of interaction terms which would pass the test is still much bigger than the number of experimental data available. I t is therefore essential first to speed up the search for the important terms and, second, to compress groups of them into single terms. A systematic way of doing this is as follows: first, all interaction terms are divided into groups, according to the type of coordinates which interact, and a single force constant is assigned to each group. Even for large molecules this amounts to a limited number of terms. For instance the 327 terms of the planar F matrix of a molecule like naphthaJene can be classified as shown in Table 2 . Only the first 168 terms are shown in detail and it is seen from the table that they can be grouped into 38 groups. With this initial set a first Jacobian is constructed and searched for unimportant terms. In this way entire groups of force constants can be eliminated at once, thus reducing considerably the time and computer space required for the complete search. As a second step each of the retained groups of force constants is split into its components which are analysed with a new J acobian. Again at this stage a cut-off of unimportant terms, which were masked in the first step, is achieved. As a final step, all terms which give similar contributions to the Jacobian matrix are collected together. This systematic process of compression has never been used in full until now, although in many cases i t has been used on force fields already approximated from the beginning. Despite the appeal of simplified models, justifiable only a posteriori, I believe that for the future we need to reduce to a minimum the impact of personal preferences on the form of force fields and therefore, unless new solutions of a completely different nature are found, we should rely only on the Jacobian matrix for the elimination of force constants.
The third problern we have to discuss is the possibility of transfer of force constants from one molecule to another. I believe that the work accumulated in the last few years has given a definite answer to this question. Force fields are transferable and can be used to predict spectra of complex molecules and to study the conformational structure of molecules. This last point is of very great importance and I believe that it alone could justify the use of approxima te force fields. I t is in fact the only efficien t method for the study of conformational structure in the liquid state and I have few doubts that the futurewill witness a great development of such researches. Before presenting some data to justify this point I wish to clarify the meaning of the word 'transferable'. Let us assume that we have at our disposal a good force field for a molecule A and that we wish to predict with this field the spectrum of molecule B closely related to A.
The following limiting possibilities can occur:
(a) There is no variation of bond lengths and angles in going from A toB. An example is offered by the series of aliphatic hydrocarbons and by the transfer of their force constants to linear polymers.
(b) There is no variation ofbond lengths but there is a change of conformation. In this case there are some interaction terms which are conformation dependent and therefore either this must be taken care of, or any conclusion, drawn from the transfer, must take into account some deviations for those frequencies which are more sensitive to these interactions. An example would be the transfer of force constants from the aliphatic hydrocarbons to t:yclopentane in which four CH 2 groups are in a cis instead of trans position.
(c) Both bond lengths and angles change. In this case the transfer is less accurate and the prediction of the spectrum needs to be judged with more criticism. An example would be the transfer of the force field of benzene to naphthalene or anthracene.
Let me now give a few examples of transferability taken from the work done in our laboratory. For the sake of brevity I shall confine myself to the transferability of the valence force field.
It is, however, necessary to make clear that the same is true for the UBFF and that many examples of transferability have been collected by Dr. Shimanouchi and his groupl3.
The first field to meet all the requirements for complete transferability was proposed by Schachtschneiderand Snyderl2 for aliphatic hydrocarbons. The excellent performance of this force field is so weil known that it is unnecessary to comment on it further.
In our laboratory, starting with this aliphatic field, we have worked out another force field of general use for the 0Jcloolefins with isolated cis or trans double bonds. Table 3 o:ffers a comparison14 between the observed spectrum of cyclohexene and a zero-order calculated spectrum obtained by adding to the aliphatic field of Snyder and Schachtschneider a set of ethylenic force constants taken from a previous refinement15 on 1 :4-cyclohexadiene and the fully deuterated analogue. It is easily seen from the table that not only are the essential features of the observed spectrum reproduced in the calculated one, but also the agreement is extremely satisfactory. Each time there is a polarized line in the Raman spectrum, there is always, within a few wave numbers, a frequency of species A in the calculated spectrum, whereas each time a band with a Q branch occurs in the IR spectrum, there is always a 
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B fundamental in the calculated spectrum. I wish to pointout that there is only one band at 1403 cm-1 which differs appreciably from the experimental one. The same agreement is found for ryclohexene-d10 as shown in Tahle 4. Again there is only one frequency at 1183 cm-1 which differs from the experimental value. This force field was then refined using the frequencies of both isotopic species and the final force field is shown in Tahle 5. The refined frequencies 
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Chair heptene. Three possible molecular conformations are predicted for cycloheptene from a conformational analysis: the chair, the boat and a third one with Cz symmetry (Figure 2 ). In the table, the spectra corresponding to the three forms, calculated using the cyclohexene field, are compared with the experimental results. The differences between the three calculated spectra are rather small above 1000 cm-1, but are significant in the low frequency region. For instance one can easily disregard the Cz form since in the observed spectrum there are polarized Raman lines at 421, 691, 1077 and 1221 cm-1 and depolarized lines at 210 and 470 cm-1 which cannot be explained from the spectrum of the C 2 form. Although the differences between the spectra of the two other forms are less marked, it is still possible to make a final choice. Not only does the spectrum of the boat form not explain the experimental bands at 210 and 421 cm-1, but it shows several bands as, for instance, the ones at 234 and 266 cm-1 for which no counterpart can be found in the observed spectrum. The same force field was extended with success to cis-cyclooctene17 for which two possible configurations, the chair and the boat were considered. In this case too it was again found that only the spectrum calculated for the chair form could be correctly paired to the observed one.
We have pushed the process of transfer further and used the cis-cyclenic field to predict the spectrum of a trans-cycloolefin. Happily we had at our In Table 8 the calculated zero-order spectrum19 is compared with the experimental assignment. The agreement is undoubtedly much better than expected. Only very few frequencies actually differ from experiment, others being within a few wavenumbers of the correct value. Moreover alJ Another valence force field of general use isthat derived in our laboratory for aromatic molecules9. This force field has been applied with success to the prediction of the spectra of phenanthrene21, deuterophenanthrene22 and pyrene23.
These examples prove that approximate force fields are useful; are they also unique solutions? Of course they are not, and they cannot be, because of the method by which they are constructed. In fact, how do we proceed in constructing a force field? We build up a model, a model made of point masses and harmonic coupled springs and we expect this model to reproduce, within a given range, a set ofvibrational frequencies. The number ofmodels, with the same masses and different springs, which possess vibrational frequencies within that range can be relevant if the range is large and the number ofpoints small. Since there arereal difficulties in reducing the range, it is often more convenient to increase the number of points. This is, in simple words, the essence of the overlay technique, by which the same force field is used to refine several molecules all together. In this way the number of possible models is reduced, but there is no guarantee that the solution becomes unique. In Table 12 , two different force fields of benzene both obtained with an overlay refinement are shown. The firstwas obtained by us with an overlay refinement of benzene, naphthalene and anthracene9 and the corresponding deutero compounds. The second by Scherer24 with an overlay refinement of benzene and a series of chloro-benzenes. Although the two fields have been obtained using a different series of molecules and different number of force constants, the differences between similar terms of ~ "'-1 0 
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H the force fields are within errors, only one force constant being actually different in the two cases. Once we accept the idea that several solutions exist for the force field of a large molecule, with different numbers and types offorce constants, we must do our best to find all these solutions and compare them in detail. For instance I feel, and I am sure that many spectroscopists share this feeling, that one of the reasons for the present situation is that nobody has a clear idea of what should be considered a good frequency fit. As a matter of fact, each one of us has his own standard, which is rigidly applied in judging the work of other people but more flexibly applied when it comes to his own. The consequence is that the range in which calculated frequencies are considered to fit the experimental data, is undefined. Of course there are objective reasons for it, as for instance the use of crystal or liquid instead of gas frequencies, the indeterminate molecular geometry, the harmonic approximation and so on. Nevertheless I believe that something should be clone, at least in the form of a gentlemen's agreement or, even better, through precise indications of the I.U.P.A.C. Committee for Spectroscopy.
